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Abstract. Structural Monitoring, now known under the acronym SHM (Structural 
Health Monitoring) has a history of over 150 years, but the current operating manner in a very 
broad recording frequency spectrum, evolving from the static to the dynamic mode, going 
through quasi-static or quasi-dynamic monitoring, of only 40-45 years. This paper concerns the 
monitoring under quasi-static continuous regime of a bridge with exceptional design features: 
the Incheon Grand Bridge Seoul, South Korea. The bridge, respectively its structural elements 
made of steel and reinforced concrete, are monitored to ascertain the effect of temperature 
variations on them. Two of the structural elements observed are of reinforced concrete, Bridge 
Gap from South line, respectively Gap Bridge from North line. In the monitoring process, pairs 
of data are formed, the cause, i.e. the air temperature, considered the X variable, and the effect – 
the movement of the sensors mounted on structural elements, which in this paper we will 
consider the dependent variable Y. Entering the mentioned pairs of data in various software, 
Table Curve 2D AND 3D, IBM SPSS 21, DataFit 9.1, SimFit, Statistica, etc., authors define 
mathematical models of the structural behavior. The authors initially checked the recorded data 
for the full year 2010, with take-offs once every 15 minutes , approx. 35,000 data pairs and then 
they selected three temperatures (maximum, average, minimum) for each of the 44 degrees, from 
-11 ° C to + 33° C, validating the mathematical models with the original data. It will be found 
that the structural elements being similar, subject to the same degree of variation in 
temperatures, under the same conditions and belonging to the same structure, there are very 
obvious similarities of their structural behavior. 
 
Keywords: Structural Health Monitoring, Incheon Grand Bridge, Bridge Gap from 
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INTRODUCTION 
 
Security of the civil engineering works requires regular monitoring of the 
structures. The current methods are often difficult applications, the resulting complexity, 
dependency from the condition of the atmosphere, and also the costs, limiting the 
applicability of these measurements (EM 1110-2-10091, 2002). The topographic and 
geodetic measurements provide global information on the behavior of deformable 
structures (Gikas, 2008,). This creates a new challenge for the designers of monitoring 
topographic measurements: what instruments to choose, where to locate them, how to 
combine them into an integrated monitoring, a manager system (Glišiæ et al., 2002,   Del 
Agricultura – Ştiinţă şi practică                                         no. 1- 2(93-94)/2015                                         Agriculture - Science and Practice  
- 148 - 
 
Grosso et all., 2010, Lovejoy, 2010). At present there are many software packages designed 
to make digital, symbolic or graphics processing. Some mathematical software packages 
are aimed toward specific tasks and somewhat limited to a specific field such as, for 
example, graphics packages (Data- Plot, GnuPlot), experimental data processing programs 
(TableCurve, Origin, DataFit GnuFit etc.), packages for statistical processing (Statistics, 
SPSS, SPlus, SR), systems for solving optimization problems (MinOpt), systems for 
solving ordinary differential equations (Draper et al., 1998, Lane, 2012, Nau, 2015) while 
others are general, providing facilities that enable their use in various fields such as 
Mathematica and Matlab - is also an integrated system which excels in its facilities 
regarding modeling and simulation as well as its very large collection of "toolboxes" 
dedicated to various scientific and engineering fields information on certain packages 
(Rădulescu, 2015).    
 
MATERIALS AND METHODS 
 
The Incheon Bridge (figure 1) is South Korea's longest spanning cable-stayed bridge. 
At 12.3km long with a main cable stayed span of 800m the new Incheon Bridge will be one 
of the five longest of its type in the world. Its 33.4m wide steel/concrete composite deck 
will carry six lanes of traffic 74m above the main shipping route in and out of Incheon port 
and link the new Incheon International Airport on Yongjing Island to the international 
business district of New Songdo City and the metropolitan districts of South Korea’s 
capital, Seoul. The cable stayed section of the crossing is 1,480m long, made up of five 
spans measuring 80m, 260m, 800m, 260m and 80m respectively, and the height of the 
"inverted Y" main towers is 230.5m(www.vce.at, www.incheonbridge.com).  
 
 
Fig. 1. General view 1, Incheon Grand Bridge South Korea 
 
From the presentation site we quote:  “In order to measure the movement of the 
cable stayed bridge section and the performance of the modular expansion joints of type 
LR24, a ROBO®CONTROL remote monitoring system was installed at one at the 
expansion joint locations. This serves to measure the movements of the first, second and 
last lamella beams of the joint, as well as the entire gap width and air and structure 
temperatures”. Figure 2 shows the ultrasonic sensors, and figure 3 shows the position of the 
RoboControl box, mounted on the structure. The outstanding feature of the UPK series is 
its high acoustic power combined with small sensor size. Monitoring system consists of 6 
UPK category sensors, i.e. 4 UPK 500 sensors(first lamella, second lamella and 24- last, 
lamella –South,  first lamella -North carriagetaway)  and 2 UPK2500 sensors (bridge gap-
South and North carriagetaway). 
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Fig. 2. Ultrasonic sensors sonorange UPK 
 
 
Fig. 3. The position of the RoboControl box, mounted on the structure 
 
The climate in South Korea is temperate with a lot of rainfall in summer and 
winters that can get very cold. In Seoul, Incheon bridge area, the average January 
temperature ranges from -7°C to 1°C, slightly lower in February, and the average July 
temperature ranges between 22°C and 29°C, slightly higher in August. The company that 
performs the monitoring, VCE Vienna Consulting Engineers ZT GmbH, with which our 
institution has been working with since 2009, provided us with all the data from June 1, 
2009, the date of commencement of the action until today, the date of completion of this 
paper, December 23, 2014, having an initial data volume of 194,881 for nine parameters 
(similar to those in Table 1.).  
 
Table 1.  
The extreme values for recordings made 02.02.2009-23.12.2014, every 15 minutes for structural 
elements bridge gap from south and north line 
 
 Min. Max. Dif. 
Momment of Recording; Mounth/ Day/Year; 
every 15 minutes  
7/2/ 
2013  
21:28 
8/6/ 
2012  
5:58 
121 Days 
Air temperature [°C] -14.2 36.1 50,3 
Movement of bridge gap from north line [m] 1,676 0,861 0,815 
Movement of bridge gap from south line [m] 1,696 0,853 0,843 
 
Heat transfer, also called thermal transfer, is the heat flow from a system with a high 
temperature to a lower temperature system, fundamental for the second law of 
thermodynamics. Atmospheric heat transfer in the material making up the monitored 
structural element is done by thermal conduction, and it is the mission of the designer to 
determine the expected effects of this process. Conduction of heat is defined as the transfer 
of heat from the higher temperature of certain particles to lower temperature ones, which 
are in contact. It is the current mode of transmission of heat in solids and is based on 
molecular movements characterized by a lack of macroscopic molecular movements. 
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Through the mathematical models created by the authors it is possible to verify previous 
assumptions, based on which the resistance structure of the monitored target was designed. 
Note that these mathematical models are based on the loco-object measurement data made 
during the monitoring process.  
 
CREATING THE MATHEMATICAL MODELS 
 
1. Checking the accuracy of the data taken each 15 minutes for the full year 
2010. As stated before (Table 2), during 2010, over 35,000 pairs of data were collected. 
Processed with the IBM SPSS 21 software, the result (Figure 4) is very convincing, 
showing a high degree of accuracy of 98.9%, which demonstrates that the data distribution 
allows you to create reliable mathematical models by linear regression. 
  
 
Fig. 4.  The IBM SPSS 21 report received following the processing of 35,000 data pairs regarding 
the response of the sensor installed on the structural element Bridge Gap from North Line to 
temperature variations 
 
Figure 5 shows the frequency of occurrence of the data predicted, relative to those 
observed, and Figure 6 shows residual values chart, resulting in small values, most in the 
range of 2% - + 2% on] for the entire amount of data. 
The histogram of Studentized residuals compares the distribution of the residuals to 
o normal distribution. The smooth line represents the normal distribution. The closer the 
frequencies of the residuals are to the this line, the closer the distribution of the residuals is 
to the normal distribution. 
Figure 7 shows the line that could represent the 1st degree linear equation, close 
and median to the cloud of points given by the cause pairs (X = air temperature), effect (the 
movement of the sensor installed on the Bridge Gap from North line). 
 
 
Fig. 5  Predicted  by Observed for Bridge Gap from North Line, for all 2010 monitorised period 
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Fig. 6  Studentised Residuals for Bridge Gap from North Line, for all 2010 monitorised period 
 
 
Fig. 7  Estimated Means charts for the top ten significant effects(p<0,5) are displayed for Bridge 
Gap from North Line. 
 
2. Creating the mathematical model for the data selected from monitoring the 
Bridge Gap from North line element. 124 data pairs were created, selected from the 
recordings made in 2010, so as to cover all temperatures at which the structural element 
was subjected to, degree by degree with three characteristic values of the position of the 
sensor, maximum, average and minimum .. By processing the mentioned pairs of data in 
the Table Curve 2D software resulted in obtaining the report in Figure 8, from the 
appearance of the graph resulting the conclusion that we can expect a mathematical model 
equation with a very good correlation coefficient, over 0.9. 
 
 
Fig. 8. The report of the software for Bridge Gap from north line, original raw data, gradually 
selected 
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The Rank 1 equation is: 
y2=a+bx+cx2 +dx3+ex4                                                                                              (1)   
with coefficients:                      
a = 1.443502015, b =    -0.01751401,  
c = 2.18446e-0,7, d = -5.696e-0,7, e = -7.687e-0,7 
and a correlation coefficient: 
r² = 0.9870556611    
The result is very good, given that no less than 46 equations of a total of 96 
specified by the software, for the input data pairs, have a correlation coefficient: r² >0.98, 
the next four r² >0.97, and the last five over 0,95. In fact, the primary Rank 24 equation has 
r²= 0.9866564965 and the well-known form:   
y=a+bx                                                                                                      (2)                  
The graphical representation of equation 1 is shown in Figure 9, and the range of 
residual values in Figure 10. 
 
 
Fig. 9. Correlation graph between aer temperature and sensor position on the Bridge Gap from 
Nouth line and the data covariance interval 
 
 
Fig.10. Graph of residual values on the correlation between aer temperature and sensor position, BG 
NL 
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Fig. 11. Correlation graph between aer temperature and sensor position on the Bridge Gap from 
Nouth line and the data covariance interval. Specifying the quantities that must be graphically 
removed 
After analyzing the data, nine data pairs are graphically removed and one pair is 
removed using IBM SPSS 21. By processing the pairs of data remaining in the soft again, 
results in a better mathematical model with a correlation coefficient of 0.9897308846, the 
equation has the same form as (1), and the coefficients are:             
 a =2.097632452,  b = -0.05185193, c= 8.03055e-05, d =2.24437 e-0,5, e= -4.539 
e-0,7 
It should be noted that the form of equation (2) is in this case of Rank 21 cu r²= 
0.9894880459. After iteration 1, three data pairs are removed, two graphically and one 
analytically (fig.12.). 
 
 
Fig. 12.  IBM SPSS 21 indicates the data pair that, once removed, would result in a better 
mathematical model 
 
The data pairs remaining are re-entered in the software and the result is a Rank 1 
equation of the same form as equation (1), with coefficients: 
a = 2.098626916, b=-0.05200232 , c = 6.21912 e-0,5, d =  2.40089 e-0,5, e = -4.8438 e-0,7 
It should be noted that the form of equation (2) is in this case Rank 20 cu r² = 
0.9900709666. 
In this case 29 equations have a correlation coefficient greater than 0.99, and the first 
68 greater than 0.9. Moreover, the accuracy of the remaining data base is considered to be 
99%, fig. 13. 
 
 
Fig. 13. The IBM SPSS 21 report onthe accuracy of the BG NL mathematical model of the data 
remaining after two iterations 
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Fig. 14. The software report to Bridge Gap from north line, data after the second iteration 
 
The developed mathematical model was validated with recorded data obtained 
from the data field, measured with a frequency of 15 minutes for the entire year 2010. The 
degree of approximation, considerably over 0.97, validates the model. 
3. Creating the mathematical model for data selected from monitoring the 
Bridge Gap from South line element. The equation of the mathematical model created by 
entering the primary data selected on the same principle as the previous is identical to 
equation (1), the correlation coefficient is equal to 0.9883300101, the equation coefficients 
are:  
a = 2.084926901, b = -0.05187942, 
c = 8.20911e-0,5, d = 2.3878e-0,5, e = -4.8184 e-0,7 
The equation of form (2) is in this case of Rank 25 with r² = 0.9880345072 
The graphical representation of the Rank 1 equation is shown in Figure 14 and the 
range of residual values in Figure 15. 
 
  
Fig. 15. Software report on Bridge Gap from north line, basic data 
 
Fig.16. Graph of residual values on the correlation between aer temperature and sensor position 
 
Agricultura – Ştiinţă şi practică                                         no. 1- 2(93-94)/2015                                         Agriculture - Science and Practice  
- 155 - 
 
 
Fig.17. The graphical removal of insignificant data pairs 
 
Four data pairs are removed graphically (Fig. 17) and other four by IBM SPSS 21, 
entering the first iteration, the IBM SPPS 21 report on data accuracy is very good this time 
(Fig. 18). 
 
 
Fig. 13.  The IBM SPSS 21 report on the accuracy of the BG SL mathematical model of the data 
remaining the first iteration 
 
By processing in the software the remaining data, it results in the following Rank 1 
and 2 equations, with a precised correlation coefficient, the primary equation of form 2 
taking in this case the 25th position. 
1. 0.9905888403,  y2=a+bx+cx2 +dx3+ex4        (3) 
2.0.9905663037, y=a+bx+cx2+ dx3+ex4           (4) 
25.0.9903229218, y=a+bx                                 (2) 
 
 
Table 3. 
Validation of the mathematical model for significant temperatures  BG SL 
 
T°C Rank 1 eq. 
Position from terrain measurements, 2010, 
35.000 pair data, each 15 minutes registrations App. 
Max. Min. Med. 
-10 1.611 1,639 1,602 1,6205 0,994 
-5 1.550 1,560 1,501 1,5305 0,987 
0 1.448 1,480 1,415 1,4475 0,999 
5 1.357 1,384 1,310 1,3470 0,992 
10 1.266 1,291 1,229 1,2550 0,991 
15 1.178 1,202 1,161 1,1815 0,997 
20 1.094 1,137 1,079 1,1080 0,987 
25 0.996 1,009 0,944 0,9675 0,971 
33 0.855 0,872 0,853 0,8625 0,991 
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In order to enter the second iteration, four data pairs are graphically removed and 
two other using the software, and the data are re-input in the processing software Table 
Curve 2D. The model is enhanced, as it results from the first five equations shown below 
along with the rank and the value of the correlation coefficient. 
   1.  0.9914431390, y2=a+bx+cx2 +dx3+ex4      (5) 
   2.  0.9914284101,  y=a+bx+cx2+ dx3+ex4      (6) 
   3.  0.9914160458, y0,5=a+bx+cx2+dx3+ex4     (7) 
   4.  0.9914003096, lny=a+bx+cx2+dx3+ex4     (8) 
   5.  0.9913700979,  y=a+bx+cx2+ dx3+ee.-x    (9) 
The Rank 1  equation coefficients are:  
a  =  2.091409493, b =   -0.05140934,  
c  =  0.000106644,  d =   1.75305 e-0,5,  
e =   -3.3021 e-0,7 
In this case also the model is validated by the correlation with the initial data 
measured during the whole year 2010. 
 
CONCLUSIONS 
 
Structural monitoring is defined as such type of monitoring that allows conclusions 
concerning global, structural behaviour of the structure and not local, material behaviour. 
Good monitoring strategy can provide excellent results with relatively limited 
budget(Rădulescu G., 2013,  Radulescu A., 2013). The systems for monitoring structural 
health allow the fast evaluation of a building’s state and such a deviation must be made 
known as an adequate means of increasing safety and of optimizing operational and 
maintenance activities for complex buildings. This paper demonstrates the following 
statements: 
1. It is possible to create mathematical models that represent the response 
equations of a structural element of reinforced concrete to the effect of temperature 
variations. 
2. hese models can be constructed by software processing by linear regression of 
the data taken at different time intervals, each 15 minutes (initial data), each hour, once 
every two, four hours, or choosing considered samples, as in the present case. 
3. These models must be validated with the initial data, a degree of approximation 
greater than 0.9 demonstrating their validity. 
4. The software has limited processing capabilities, for example Table Curve 2D 
goes up to 2600 pairs of data, which reinforces the importance of the preceding paragraph 
2, meaning that you can not always process the data in the initial range, as they were taken, 
but they must be selected according to certain criteria and then validated. 
5. The data preselection method is very important, before they are entered in the 
processing software. IBM SPSS 21 is one of the statistical softwares indicating the pairs of 
data that do not fit the the general behavior model and should be removed. Several sessions 
can be performed, several data removal iterations, thereby keeping those data significant 
and representative for the analysed process. 
6. Mathematical modeling is a continuation and a conclusion to SHM activities. 
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